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Public healthAfter the appearance of COVID-19 in China last December 2019, Italy was the first European country to be severely
affected by the outbreak. The first diagnosis in Italy was on February 20, 2020, followed by the establishment of a
light and a tight lockdown on February 23 and onMarch 8, 2020, respectively. The virus spread rapidly, particularly
in the North of the country in the ‘Padan Plain’ area, known as one of the most polluted regions in Europe. Air pol-
lution has been recently hypothesized to enhance the clinical severity of SARS-CoV-2 infection, acting through ad-
verse effects on immunity, induction of respiratory and other chronic disease, upregulation of viral receptor ACE-
2, and possible pathogen transportation as a virus carrier. We investigated the association between air pollution
and subsequent COVID-19 mortality rates within two Italian regions (Veneto and Emilia-Romagna). We estimated
ground-level nitrogen dioxide through its tropospheric levels using data available from the Sentinel-5P satellites of
the European Space Agency Copernicus Earth Observation Programme before the lockdown. We then examined
COVID-19 mortality rates in relation to the nitrogen dioxide levels at three 14-day lag points after the lockdown,
namelyMarch 8, 22 and April 5, 2020. Using amultivariable negative binomial regressionmodel, we found an asso-
ciation between nitrogen dioxide and COVID-19 mortality. Although ecological data provide only weak evidence,
these findings indicate an association between air pollution levels and COVID-19 severity.
© 2020 Elsevier B.V. All rights reserved.mediche, Metaboliche e Neuroscienze – UNIMORE, Via Campi 287, 41125 Modena, Italy.
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After the first indigenous Italian case of COVID-19 diagnosed on Feb-
ruary 20, 2020 in a smallmunicipality of Lombardy region, Codogno, the
SARS-CoV-2 outbreak rapidly swept across all of Italy, resulting in more
than 240,000 confirmed positive cases and almost 35,000 deaths by
mid-July (CPD, 2020; Docea et al., 2020). Public health measures to
stem the spread included tracking positive cases and related contacts
and quarantining them, inviting the population to use face masks, and
encouraging social distancing and handwashing. In addition, Italian au-
thorities swiftly adopted two major interventions, the two national
lockdowns to limit the spread of the virus, following two local lockdown
adopted in the Codogno area and in the smallmunicipality of Vò, Veneto
region (Lavezzo et al., 2020). The first national lockdownwas instituted
on February 23, 2020, with a set of decrees in the most affected regions
(i.e. Lombardy, Veneto and Emilia-Romagna). The secondwas onMarch
8, 2020 in the most affected areas and immediately extended the fol-
lowing day to all of Italy (Gabutti et al., 2020; Ministry of Health,
2020b). Only the second lockdown was seen to be effective in slowing
the infection, with a reversal of the epidemic curve beginning 9 days
after its implementation (Vinceti et al., 2020).
The quick spread of SARS-CoV-2 infection first in China, then Italy
and the remainder of the world, prompted researchers to study factors
associatedwith higher susceptibility to the infection or to disease sever-
ity. These factors included medical history, life-style factors, and envi-
ronmental risk factors such as climate indicators and air pollutants.
Some studies suggested a possible relation of virus outbreak with high
levels of environmental air pollution (Barcelo, 2020; Bashir et al.,
2020; Copat et al., 2020; Filippini et al., 2020; Li et al., 2020; Ogen,
2020; Pequeno et al., 2020; Setti et al., 2020b; Tsatsakis et al., 2020;
Wu et al., 2020; Zhu et al., 2020). Putative mechanisms included en-
hanced susceptibility to respiratory viral infections through damage
and inflammation of lung cells, immune dysregulation, and hyper-
activation of inflammatory cytokines and chemokines (Chen et al.,
2010; Comunianet al., 2020; Conticini et al., 2020; Peng et al., 2020), up-
regulation of viral receptor ACE-2 (Borro et al., 2020; Tung et al., 2020),
or air pathogen transportation by particulate matter suitable as virus
carrier (Comunian et al., 2020; Manoj et al., 2020).
A link between air pollution and COVID-19 was also suggested by the
observation that the SARS-CoV-2 outbreakfirst spread inNorthern Italy in
the Po basin area (‘Po Valley’ or ‘Padan Plain’), a flat area that is the most
heavily industrialized and polluted area of the country, and one of the
most polluted of Europe (EEA, 2019). Tropospheric levels of nitrogen di-
oxide (NO2) in early April of 2020 were positively associated with preva-
lence rates of COVID-19 within the three most affected Italian regions
(Lombardy, Veneto and Emilia-Romagna) (Filippini et al., 2020), with
the association becoming stronger at levels above 130 μmol/m2.
In addition, high nitrogen dioxide levels have been associatedwith in-
creased mortality for all causes, cardiovascular and respiratory mortality
(Brunekreef et al., 2009; Eum et al., 2019; Hoek et al., 2013), and also
pneumonia in older adults (Eum et al., 2019). A recent spatial analysis re-
ported that up to 78% of COVID-19 deaths occurred in the five European
areas located in Italy and Spain that also had the highest nitrogen dioxide
levels, thus indicating a possible contribution to fatality by long-term ex-
posure to nitrogen dioxide (Ogen, 2020). In addition, a recent study from
China showed a positive association between short-term exposure to air
pollutants (i.e. particulate matter, sulfur dioxide, carbon monoxide,
ozone and nitrogen dioxide) and newly diagnosed COVID-19 confirmed
cases (Zhu et al., 2020). Higher COVID-19 mortality was also correlated
with relatively poor air quality in several other countries (Pansini and
Fornacca, 2020). However, results from some recent studies have been in-
consistent, with some reporting a null (Bontempi, 2020b; Briz-Redon
et al., 2020) or inverse association (Zoran et al., 2020a) between air pollu-
tion and SARS-CoV-2 infection incidence. Therefore, this putative correla-
tion appears to be worthy of further investigation. In addition, infection
rates may not entirely correlate with the most severe clinical outcomes2
of COVID-19, such as hospital intensive-care admission or mortality. Fur-
thermore, infection rates also depend on the period of infection, the indi-
vidual viral load, age and sex of the infected person, presence of
comorbidities, blood type, and the efficiency of the health care system
(Bontempi et al., 2020; Latz et al., 2020; Liu et al., 2020).
In this study, we aimed to investigate if the relation previously re-
ported between air pollution assessed through satellite-detected tropo-
spheric nitrogen dioxide and the early phases of the SARS-CoV-2
outbreak was associated with a higher COVID-19 severity, using avail-
able mortality data from two of the previously investigated three re-
gions in Northern Italy.
2. Methods
2.1. Study area
We studied the population of twoNorthern Italy regions, Veneto and
Emilia-Romagna, for which we were able to obtain the daily number of
COVID-19 deaths by province of diagnosis. Such data were available in
the period February 23–April 15, 2020 for Veneto region from the data-
base of Veneto Region ‘COVID-19 working group’, and February 23–
April 22, 2020 for Emilia-Romagna region from the database of the ‘Pub-
lic Health Authority’ of Emilia-Romagna Region.Mortality data from the
third region, Lombardy, were not available at a provincial level. For Ve-
neto and Emilia-Romagna,we computeddaily province-specificmortal-
ity rates, based on provincial population data retrieved from the Italian
National Institute of Statistic website (ISTAT, 2020a).
2.2. Environmental air pollution assessment
We based our air pollution assessment in the study population on
daily information tropospheric nitrogen dioxide levels, as available from
the Copernicus Earth Observation Programme Open Access Hub-
Sentinel-5P mission (Filippini et al., 2020). In particular, we focused on
the geolocated tropospheric columnof nitrogendioxidewith a spatial res-
olution of around 7 × 7 km2 reported by ESA Sentinel-5P made publicly
available for all of Europe from the European Space Agency (ESA, 2020).
Using both Near Real Time (NRT) processing (typically 3 h from sensing)
and Offline (OFFL) processing (5 days after sensing time) (Eskes et al.,
2019), we collected all satellite images with quality index greater than
0.5 related to the study area of interest for each day of the analysis period.
Finally,we computed population-weighted spatial average of nitrogendi-
oxide values (in μmol/m2) for each province. We also validated satellite
data through measured ground-level nitrogen dioxide concentration by
ARPA (Environmental Protection Regional Agency) monitoring stations
(Filippini et al., 2020).When nitrogen dioxide values could not be consid-
ered reliable for one or more days, i.e. when satellite coverage in those
days decreased below 30% of the spatial units (provinces) because of
cloud-cover or surface snow or ice that affected satellite image reliability
(Eskes et al., 2019), we imputed the missing data with a regression mea-
sured ground level concentrations from values averaged from the two-
three days before and after. Imputation was needed for an average of
two days over the entire study period.
To control for potential environmental confounders, we retrieved
temperature data publicly available from the ERAS model reanalysis of
the European Centre for Medium-Range Weather Forecasts website
(ECMWF, 2020), and relative humidity that has been calculated using
environmental temperature and dewpoint temperature according to a
method described by Lawrence (Lawrence, 2005). As additional poten-
tial confounders, we considered the presence of international airports
for which traffic flow exceeded 100,000 passengers in January 2020
(ASSAEROPORTI, 2020). Based on this criterion, we included in our
model the airports of Venice, Verona and Treviso (Veneto region) and
Bologna (Emilia-Romagna region). Finally, we accounted for population
mobility using information on the mobile telephone daily movements
available through the Call Detail Records (CDR) of anonymous data of
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February 1–March 27, 2020 (Polzer, 2020), as explained in detail
elsewhere (Vinceti et al., 2020).
2.3. Data analysis
To assess the average amount of air pollution preceding the onset of
the SARS-CoV-2 outbreak, we modeled the time-series of daily nitrogen
dioxide tropospheric levels from February 1 to 24 using a linear regres-
sion taking into account heteroskedasticity and autocorrelation up to
7 days using a Newey–West estimator (Newey and West, 1987). We
also modeled these values after the lockdowns. We then examined the
relation between nitrogen dioxide levels before February 24, using the
estimated nitrogen dioxide levels on February 12, which is the midpoint
of the period before the lockdown, and COVID-19 mortality rate at sev-
eral time points: 14 days (corresponding to theperiod between outbreak
onset and the establishment of the tight lockdown on March 8), 28 and
42 days, corresponding to March 8, March 22, and April 5. We modeled
COVID-19 mortality rates using multivariable negative binomial regres-
sion analysis. Nitrogendioxidewasmodeledwith restricted cubic splines
with three knots at fixed percentile of its distribution (10th, 50th and
90th percentiles) (Harrell, 2001) to assess the shape of the relation,
adjusting for possible confounders. We considered province-specificFig. 1. Average NO2 tropospheric levels in the study area before the lockdown of February 2
Programme of the European Space Agency and the European Union.
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information on other possible confounding factors abstracted from the
National Institute of Statistic website (ISTAT, 2020a), including popula-
tion density and aging index in 2019, and percentage of population com-
muting daily for work or school, percentage of single-member families,
and percentage of dwellings with one resident at 2011 census. In the
multivariable analysis, we adjusted for population density, aging index,
people mobility measured from telephone movements before the lock-
down, temperature (°C) and relative humidity in the three subsequent
periods, and airport presence. In subsequent models, we alternatively
added population percentage commuting outside the municipality of
residence on a daily basis, percentage of families including only one
member, or percentage of dwellings occupied by only one resident.
3. Results
Fig. 1 shows tropospheric nitrogen dioxide levels that we estimated
for the study area before the onset of the outbreak and the establish-
ment of the lockdowns. Provinces characterized by the highest levels
above 130 (μmol/m2) were Verona (181 μmol/m2), Padua
(147 μmol/m2) and Vicenza (141 μmol/m2) in Veneto, and Piacenza
(140 μmol/m2) in Emilia-Romagna. Table 1 reports number of COVID-
19 deaths, mortality rate (per 100,000 people), pollutant levels on the
three selected time points (March 8, March 22, and April 5) in Veneto3, 2020, based on data from the Sentinel-5P mission from Copernicus Earth Observation
Table 1
Cumulative number of total COVID-19 deaths,mortality rate (per 100,000 people) and nitrogen dioxide (NO2) levels (μmol/m2), before the lockdown, onMarch 8,March 22, andApril 5 in
Veneto and Emilia-Romagna regions.
Population at Jan 1 2019 Death cases Mortality rate (per 100,000) NO2 levels (μmol/m2)
Mar 8 Mar 22 Apr 5 Mar 8 Mar 22 Apr 5 Before Feb 24 After Feb 24
Feb 24–Mar 8 Mar 8–Mar 22 After Mar 22
Veneto 4,905,854 97 546 908 1.98 11.13 18.51 136 94 75 50
Belluno (BL) 202,950 2 19 37 0.99 9.36 18.23 50 56 31 29
Padua (PD) 937,908 16 93 174 1.71 9.92 18.55 147 88 84 55
Rovigo (RO) 234,937 0 9 16 0.00 3.83 6.81 118 68 56 42
Treviso (TV) 887,806 37 125 173 4.17 14.08 19.49 108 96 59 42
Venice (VE) 853,338 30 84 130 3.52 9.84 15.23 126 94 66 46
Verona (VR) 926,497 8 142 257 0.86 15.33 27.74 181 114 97 59
Vicenza (VI) 862,418 4 74 121 0.46 8.58 14.03 141 97 84 54
Emilia-Romagna 4,459,477 99 1060 2287 2.22 23.77 51.28 109 81 66 38
Bologna (BO) 1,014,619 2 78 243 0.20 7.69 23.95 109 86 71 37
Ferrara (FE) 345,691 1 11 45 0.29 3.18 13.02 104 71 55 39
Forlì-Cesena (FC) 394,627 0 12 46 0.00 3.04 11.66 80 61 51 29
Modena (MO) 705,393 2 89 264 0.28 12.62 37.43 117 95 70 42
Parma (PR) 451,631 41 301 529 9.08 66.65 117.13 121 87 72 42
Piacenza (PC) 287,152 42 388 673 14.62 135.12 234.37 140 113 90 58
Ravenna (RA) 389,456 0 9 38 0.00 2.31 9.76 95 67 60 31
Reggio Emilia (RE) 531,891 10 103 289 1.88 19.36 54.33 118 83 68 43
Rimini (RN) 339,017 1 69 160 0.29 20.35 47.120 90 53 40 23
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(March 8), mortality rates in Veneto and Emilia-Romagna were almost
the same (1.98 and 2.22 per 100,000, respectively). In the subsequent
periods, provinces reporting higher mortality rates were Verona
(15.33 and 27.74 per 100,000 on March 22 and April 5, respectively)
in Veneto, and Piacenza (135.12 and 234.37 per 100,000 on March 22
and April 5, respectively) and Parma (66.65 and 117.13 per 100,000
on March 22 and April 5, respectively) in Emilia-Romagna (Table 1).
Using three 14-day lag points after the lockdown (on March 8,
March 22, and April 5), we fit a negative binomial regression between
nitrogen dioxide levels before the lockdown and the cumulativemortal-
ity rates at these time points. Although the precision of the model was
low, our data were compatible with an increase in COVID-19 related
mortality rates at the three time points for levels of nitrogen dioxide
above 100 μmol/m2, particularly 28 and 42 days after the lockdown
(Fig. 2). The association between mortality and air pollution exhibited
a non-linear shape particularly in the last period of analysis, with a rap-
idly increasing rate at the highest levels of nitrogen dioxide. Further ad-
justment for population percentage commuting outside the
municipality of residence, percentage of families including only one
member, or percentage of dwellings occupied by only one resident did
not change the results meaningfully (Supplemental Figs. S1–S3).
4. Discussion
Our data support a positive, non-linear association between high ni-
trogen dioxide tropospheric levels and subsequent COVID-19 mortality
rates at different timeperiods in 16Northern Italy provinces severely hit
by the epidemic, which provide evidence supporting an effect of health
pollution in increasing the case-fatality ratio of the disease. The associa-
tionwas strongerwhenwe used cumulativemortality in the longest pe-
riod as an outcome. These results are similar to those yielded by a
previous study of ours carried out in Emilia-Romagna, Veneto and Lom-
bardy and using daily SARS-CoV-2 new infections (Filippini et al., 2020).
In that study, the association between nitrogen dioxide levels and SARS-
CoV-2 infection incidencewas not linear, with risk starting to increase at
around 130 μmol/m2; at values above that, the steepness of the two
slopes were comparable. The evidence for an association between air
pollution andmortality starting at slightly lower nitrogen dioxide levels
in the present study could stem from an association between air pollu-
tion and severe COVID-19, mediated by a high chronic disease4
prevalence existing already at relatively low levels of nitrogen dioxide
exposure. Evidence is clear that a higher prevalence of comorbidities
may lead to a more clinically severe form of COVID-19 and to a higher
mortality from the disease (Onder et al., 2020; Reilev et al., 2020;
Ssentongo et al., 2020).
Some studies indicate a gradual association between average air pol-
lution levels and mortality from COVID-19, rather than a threshold ef-
fect. A nation-wide study carried out using data on over 3000 US
counties reported that an increase of 1 μg/m3 in particular matter
(PM2.5) was associated with a 15% increase in mortality from COVID-
19 (Wu et al., 2020). Similarly, an Italian study assessing air pollution
exposure using PM2.5 concentrations in Northern Italy municipalities
found a positive association with mortality related to COVID-19, a
1 μg/m3 increase being associated with a 9% increase in COVID-19 mor-
tality (Coker et al., 2020). In addition, two Spanish studies found a
higher incidence and mortality of COVID-19 in urban and industrial
areas compared with rural areas in Tarragona (Marques et al., 2020),
and an association between COVID-19 spread (including mortality)
and nitrogen dioxide exposure in Catalonia (Saez et al., 2020). On the
other hand, inconsistent results were reported from a study assessing
the correlation between urban air pollution in the Milan metropolitan
area and number of COVID-19 deaths, which found a negative correla-
tion with air pollution assessed through surface levels of both PM2.5
and PM10 (Zoran et al., 2020b), and ground levels of nitrogen dioxide
(Zoran et al., 2020a), but a positive one using ground levels of ozone,
possibly due to the enhanced formation of outdoor airborne secondary
aerosols (Zoran et al., 2020a). Similarly, a study of seven Spain cities
found little association between outdoor air pollutant levels as assessed
through traffic monitoring stations and COVID-19 transmission (Briz-
Redon et al., 2020).
An association between outdoor air pollution and incidence, mortal-
ity and severe clinical course of COVID-19 is not unexpected andmay be
mediated by different factors and mechanisms. Long-term exposure to
air pollutant levels has been linked to chronic lung inflammation, thus
possibly promoting an increased severity of COVID-19 syndrome (Shi
et al., 2020). Air pollutants have also been shown to alter the immuno-
logical status and thus increasing individual susceptibility to infectious
diseases (Ibironke et al., 2019; Marchini et al., 2020; Rivas-Santiago
et al., 2015; Williams et al., 2011). As specifically regards traffic-
generated nitrogen dioxide, it has been shown to be associated with in-
creased risk of rhinitis in adult population (Cesaroni et al., 2008; de
Fig. 2. Negative binomial regression analysis between nitrogen dioxide (NO2)
tropospheric levels (μmol/m2) before the spread of the outbreak and COVID-19
mortality rate (deaths per 100,000) in the three periods after the lockdown dates (A:
February 24–March 8; B: February 24–March 22; C: February 24–April 5). Adjusted
COVID-19 mortality rate (solid line) with 95% confidence interval (dash lines) was
estimated with a multivariable model, taking into account population density, aging
index, people mobility measured from telephone movements before the lockdown,
temperature (°C) and relative humidity (%) in the three subsequent periods, and airport
presence. Shaded circles are weighted on number of deaths corresponding to the
adjusted mortality rates at each time point.
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2007), as well as to a higher risk of asthma, weakened lung function
(Bowatte et al., 2017; Cai et al., 2017; de Marco et al., 2002;
McCreanor et al., 2007), and exacerbation of chronic obstructive pulmo-
nary disease (Ghanbari Ghozikali et al., 2016; Pfeffer et al., 2019). The
geographic area investigated in the present study is also known to be
one of the most polluted in Europe (EEA, 2019) and its high levels of5
air pollutants have been previously associated with higher mortality
and hospitalization for both cardiovascular and respiratory diseases
(Carugno et al., 2016; Fattore et al., 2011). A study carried out in the Ber-
gamo area, which had one of the highest excess of mortality rates
(+571% in March 2020) due to COVID-19 in Northern Italy (ISTAT,
2020b), found SARS-CoV-2 RNA in particulate matter samples,
supporting the hypothesis that air pollutants may enhance virus spread
(Setti et al., 2020a). Similarly, another study carried out using data of 55
Northern Italy provinces found some evidence for an accelerated diffu-
sion of SARS-CoV-2 in cities with higher number of days exceeding the
limit set for PM10 of 50 μg/m3 (Coccia, 2020).
Our study has important limitations. Because this study is based
upon aggregated rather than individual-level data, the study could be
affected by ecologic bias. We could not take into account individual
risk factors thatmay be associatedwith higher susceptibility to virus in-
fection, including factors such as working in health care delivery, resi-
dence in nursing homes, as well as individual contact with infected
people or travel to China or other infected countries (Bontempi,
2020a; Bontempi et al., 2020; Domingo et al., 2020). In addition, the
two investigated regions may slightly differ in term of health care and
public health measures provided by the Local Health Authorities during
the pandemic, though the presence of a National Health System and
guidelines for health care workers should have attenuated this issue
(Ministry of Health, 2020a). Also, the study size provided only limited
precision of the effect estimates, as reflected in the broad confidence in-
tervals for our dose-response curve. Nonetheless, study findings still ap-
pear to support a positive, non-linear association between air pollution
measures and increased COVID-19 mortality.
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